
Mutation Research 547 (2004) 55–62

Polycyclic aromatic hydrocarbon-DNA adducts determined by
semiquantitative immunohistochemistry in human esophageal

biopsies taken in 1985

Hilde E. van Gijssela,e, Laura J. Schilda, Danielle L. Watta,f , Mark J. Rothb,
Guo-Qing Wangc, Sanford M. Dawseyb, Paul S. Albertd, You-Lin Qiaoc,

Philip R. Taylorb, Zhi-Wei Dongc, Miriam C. Poiriera,∗
a Laboratory of Cellular Carcinogenesis and Tumor Promotion, Center for Cancer Research, Building 37, Room 4032, NIH,

37 Convent Dr., MSC-4255, Bethesda, MD 20892-4255, USA
b Cancer Prevention Studies Branch, Center for Cancer Research, NIH, Bethesda, MD 20892, USA

c Cancer Institute, Chinese Academy of Medical Sciences, Beijing 100021, China
d Biometric Research Branch, Division of Cancer Treatment and Diagnosis, National Cancer Institute, NIH, Bethesda, MD 20892, USA

e Valley City State University, Valley City, ND 58072, USA
f Department of Chemistry, University of Connecticut, Storrs, CT 06269, USA

Received 5 August 2003; received in revised form 13 November 2003; accepted 28 November 2003

Abstract

Esophageal endoscopic biopsy samples were obtained in 1985 in Linxian, China, a region with very high esophageal
cancer incidence rates, and where ingested food is known to contain substantial amounts of polycyclic aromatic hydrocar-
bons (PAHs). In this study, the automated cellular imaging system (ACIS) was used for localization and semi-quantitation
of PAH-DNA adducts. Fresh tissue sections were cut from archived paraffin blocks and incubated with an antiserum
elicited against DNA modified with 7�,8�-dihydroxy-9�,10�-epoxy-7,8,9,10-tetrahydro-benzo[a]pyrene (BPDE). Nuclear
PAH-DNA adduct staining was observed in four out of five human samples incubated with the anti-BPDE-DNA. By visual
inspection, nuclei in the basal layer of the esophageal epithelium had higher levels of PAH-DNA adducts compared to those
found in the adjacent superficial squamous layer. Nuclear PAH-DNA staining was absent in serial sections incubated with ei-
ther normal rabbit serum or BPDE-DNA-antiserum previously absorbed with the immunogen BPDE-DNA. Semi-quantitative
evaluation by ACIS revealed that per nucleus values for PAH-DNA adducts in the basal layer of the esophageal epithelium were
5- to 40-fold higher than those in the adjacent superficial squamous layer (P < 0.0001, using a random effects model). This
pilot study demonstrates the presence of PAH-DNA adducts in archived paraffin-embedded endoscopic esophageal biopsy
samples that are close to 20 years old, and suggests that an appropriate set of archived samples could be used to prospectively
correlate PAH-DNA adduct formation with risk of esophageal cancer development.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In Linxian, China, the cumulative mortality rate
(∼20%) from esophageal and proximal stomach can-
cer is possibly the highest seen anywhere in the
world [1]. Historical records indicate that an elevated
esophageal cancer rate has been present in this re-
gion for at least 2000 years[1]. For approximately
20 years, epidemiologists have examined hypotheses
relating to potential etiologic factors in Linxian that
include nutritional deficiencies, poor oral hygiene,
exposure to nitrosamines and microbial contamina-
tion [1–4]. However, a single predominant etiologic
factor has yet to be identified. The fact that Linxian
residents have, for generations, heated their dwellings
and cooked food on an open hearth using coal and
wood, has lead to the hypothesis that elevated levels
of ambient carcinogenic polycyclic aromatic hydro-
carbons (PAHs) may contribute to the cancer risk ob-
served in this region. This notion is further supported
by identification of high levels of benzo[a]pyrene,
a PAH and a known human carcinogen, in raw and
cooked food obtained in Linxian[5]. Furthermore,
high concentrations of the PAH urinary metabolite
1-hydroxypyrene were found in urine from Linxian
residents[6], and PAH-DNA adducts were visual-
ized by semi-quantitative immunohistochemistry in
esophageal resection specimens obtained in Linxian in
1995[7].

To explore a potential association between eso-
phageal PAH-DNA adduct formation and esophageal
cancer risk, one must be able to evaluate PAH-DNA
adduct formation in samples of human esophagus
taken one to three decades prior to cancer diagnosis.
In this study, we used semiquantitative immunohis-
tochemistry to examine archived esophageal biopsy
material, taken from Linxian residents in 1985, for
the presence of PAH-DNA adduct formation. The
samples were part of an endoscopic survey in a large
prospective epidemiologic study of cancer risk that
includes careful patient follow-up and documentation
of cancer development since 1985. The current pilot
study was designed to examine archived esophageal
endoscopic biopsy samples from Linxian for the
presence of PAH-DNA adducts. Robust staining for
PAH-DNA adducts was found in most of the samples
taken in 1985, confirming the long-term persistence
of PAH-DNA adducts in human paraffin-embedded

tissue and the feasibility of a larger prospective nested
case-control study.

2. Materials and methods

2.1. Chemicals, reagents and antisera

Antigen retrieval citra solution, normal rabbit serum
and the microwave pressure cooker were purchased
from BioGenex, (San Ramon, CA). Permount mount-
ing media was from Fisher (Pittsburgh, PA). Mouse
monoclonal anti-proliferating cell nuclear antigen
(PCNA) antibody was from Dako (Glostrup, Den-
mark). The Ventana enhanced alkaline phosphate red
paraffin staining kit and the hematoxylin counterstain-
ing kit were purchased from Ventana (Tucson, AZ).

Antiserum specific for DNA modified with 7�,8�-
dihydroxy-9�,10�-epoxy-7,8,9,10-tetrahydro-benzo-
[a]pyrene (BPDE) (rabbit #31 bleed 8/16/78) was
elicited and characterized as described[8–10]. The
antiserum has specificity for the different enantiomers
of benzo[a]pyrene (BP) bound to DNA, but no speci-
ficity for BP alone, BP metabolites, BP bound to
protein or DNA alone[8]. Cross-reactivity of this
antiserum for DNA samples modified with chrysene
and other carcinogenic PAHs has been reported[10];
therefore, when using human samples that are likely
to contain adducts of multiple PAHs, the values ob-
tained are designated PAH-DNA adducts.

To prepare immunogen-absorbed BPDE-DNA an-
tiserum (i.e. antiserum that contains no anti-BPDE-
DNA), 0.4 ml of BPDE-DNA antiserum was absorbed
two times with a total of 388�g BPDE-DNA (1.4%
modified, 13.9 nmol BPDE-DNA adducts). After each
incubation, the antigen–antibody complex was re-
moved by centrifugation, and the final supernatant
was used for staining.

2.2. Patients, tissue samples and primate controls

The five human esophageal samples from China
were obtained from biopsies performed in Linxian
in 1985. Tissues were fixed in 10% formalin and
embedded in paraffin. The study was approved by
the Institutional Review Boards of the collaborat-
ing institutions: The Cancer Institute of the Chinese
Academy of Medical Sciences, Beijing, China, and
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the National Cancer Institute, National Institutes of
Health, Bethesda, MD.

2.3. Immunohistochemistry

For immunohistochemistry, each paraffin block was
cut so that four tissue slices were positioned on each
slide, and several slides were prepared from each sam-
ple. For each experiment, parallel slides were stained
with: BPDE-DNA antiserum; BPDE-DNA-absorbed
BPDE-DNA antiserum from which virtually all of the
specific activity had been removed; or, normal rabbit
serum.

Staining for PAH-DNA adducts in human esoph-
agus was performed using the Nexes IHC (Ventana,
Tucson, AZ) automated slide staining system. Before
staining, fresh-cut sections (5�m) of paraffin em-
bedded esophagus were deparaffinized, hydrated and
washed as previously described[7]. Subsequently,
slides were microwaved in antigen retrieval citra so-
lution (Biogenex) in a microwave pressure cooker
(Biogenex) according to the manufacturer’s direc-
tions. After the pressure was released and the pressure
cooker was opened, slides were cooled for 20 min,
rinsed in deionized water and loaded into the Nexes
IHC automated slide stainer (Ventana). Staining was
accomplished using the enhanced alkaline phosphate
red paraffin staining kit (Ventana) and the hema-
toxylin counterstaining kit (Ventana). The system was
set to incubate the primary antibody, which could
be anti-BPDE-DNA (1:1000), BPDE-DNA-absorbed
BPDE-DNA antiserum (1:1000) or normal rabbit
serum (1:1000), for 20 min. Stained slides were rinsed
in water containing Dawn soap for 1 min, and subse-
quently rinsed in tap water to remove the soap. Stained
slides were air dried and mounted with Permount
mounting media (Fisher) before the initial evaluation
using a Nikon Eclipse (E400) microscope.

2.4. Semi-quantitation of nuclear staining intensity
by automated cellular imaging system (ACIS)

The intensity of the nuclear PAH-DNA adduct stain-
ing (pink color) was measured using the ACIS, for
which methodological details have been previously de-
scribed[7]. This system consists of computer-directed
components that include a bright field microscope, a
charge coupled display digital camera, and an auto-

mated slide loading system. The ACIS software (ver-
sion 1.81b and 1.82) regulates microscope calibration
and slide loading, and runs applications that identify
and quantify nuclear immunohistochemical staining.

Characterization of the immunohistochemical
staining is based on three color parameters: the color
defined byhue (pink is 190–224, blue is 130–190),
the ‘darkness’ defined asluminosity, and density of
the color defined as thesaturation. The three param-
eters together comprise color intensity, with values
expressed as arbitrary units (AUs). By increasing or
decreasing the thresholds forhue, luminosity andsat-
uration, it is possible to eliminate the contribution of
background staining. For these experiments, the com-
puter was programmed to determine intensity (AU)
only in round or oblong shaped organelles within size
range for nuclei found in esophageal epithelium.

For the quantitation of PAH-DNA adduct staining,
the ‘histological reconstruction’ feature of the ACIS
software was used. Initially, the section was visualized
as a whole. Subsequently, the section was arbitrarily
(but consistently) divided into two layers: the basal
layer, that is the area containing crowded, large round
nuclei located above the basement membrane; and the
superficial squamous layer, that is the area containing
sparse, flattened nuclei, including all the nuclei not
designated as “basal”. Each of the four tissue sections
was divided into six to eight regions: three to four
basal regions and three to four superficial squamous
regions. Each region was analyzed, and the result-
ing values were combined and averaged to produce
intensity values for basal and superficial squamous
areas separately, as well as for the whole histologic
section. In each section about 4000–8000 nuclei were
measured. In slides stained with anti-BPDE-DNA
or immunogen-absorbed anti-BPDE-DNA, the ACIS
software determined the total number of pink nuclear
pixels, indicating PAH-DNA adducts, and separately
calculated the intensity of the pink color. In a set of
parallel slides stained with normal rabbit serum and
hematoxylin, the ACIS software determined the total
number of blue nuclear pixels, indicating the total
number of nuclei. These values were used to calculate
the average pink staining intensity per nucleus and the
percentage of nuclei that are positive for PAH-DNA
adducts.

Designation of basal and superficial squamous lay-
ers was based on nuclear shape as an indicator of
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proliferation status. In preliminary experiments, sec-
tions were stained with antiserum specific for PCNA
[11] and the rounded cells in the basal layer were pro-
liferating, while the flattened cells in the suprabasal
squamous layer were not proliferating. Areas for the
histological reconstruction were designatedbasal and
squamous based on these criteria.

2.5. Statistical methods

We compared BPDE-DNA staining measured by
ACIS for superficial squamous and basal areas of the
esophageal epithelium using a random effects model
[12]. On log-transformed (log [x + 1]) data. The ran-
dom effects model included cell-type as a fixed effect
and a random intercept to account for between sample
variation. All p values were two-sided and statistical
tests were performed using likelihood-ratio tests.

3. Results

3.1. PAH-DNA adduct staining in human endoscopic
esophageal samples from Linxian

Esophageal endoscopic biopsy samples from five
inhabitants of Linxian were procured in 1985 and
stored embedded in paraffin. Fresh 5�m sections
from each block were cut, incubated with normal rab-
bit serum (Fig. 1A and D) or immunogen-absorbed
BPDE-DNA antiserum (Fig. 1B and E), and counter-
stained with hematoxylin; these slides showed no pink
nuclear staining, indicating an absence of PAH-DNA
adducts. However when slides were stained with the
BPDE-DNA antiserum, intense pink nuclear staining
indicating the presence of PAH-DNA adducts (Fig. 1C

Table 1
PAH-DNA staining in the basal layer of human esophagus from Linxian obtained in 1985

Sample
number

Number of cells
examined

BPDE-DNA seruma (AU/1000
nuclei mean± S.E.,n = 4)

Absorbed serumb (AU/1000
nuclei, mean± S.E.,n = 4)

151A 1376 87.79± 7.56 0.29± 0.22
249N 1909 22.16± 2.30 4.03± 2.67
349A 1692 5.80± 0.77 0.00± 0.00
436A 1822 24.20± 2.03 0.00± 0.00
52A 1787 42.42± 1.40 0.28± 0.11

a Differences between basal cell and superficial squamous cell PAH-DNA AU values,P < 0.0001, using a random effects model with
a likelihood-ratio test (chi-square= 36, d.f . = 1).

b BPDE-DNA antiserum absorbed with immunogen BPDE-DNA.

and F) was observed in sections from four of the five
individuals. Because the BPDE-DNA antiserum has
cross-reactivity for DNA samples modified with sev-
eral PAHs[10], a positive signal in human samples
is considered to indicate the formation of not only
BPDE-DNA adducts but also DNA adducts of other
PAHs. In these experiments, the staining inFig. 1C
and F is considered specific for PAH-DNA adducts
because pre-absorption of the serum with the original
immunogen, BPDE-DNA, removed essentially all of
the pink staining (Fig. 1B and E).

3.2. PAH-DNA semi-quantitation by ACIS

Four sequentially-cut esophageal tissue sections
from the same paraffin block were placed on a sin-
gle microscope slide and after staining each section
was quantified separately by ACIS.Fig. 2 shows
the combined mean AU/1000 nuclei for whole tis-
sue sections (n = 4) obtained from each of five
individuals and stained with either BPDE-DNA an-
tiserum (�) or immunogen-absorbed BPDE-DNA
antiserum (�). For the BPDE-DNA antiserum stain-
ing, one sample (349A) had a very low PAH-DNA
value (3 AU/1000 nuclei), while the others varied
between 12 and 54 AU/1000 nuclei, a difference of
less than five-fold. Values for the sections stained
with immunogen-absorbed serum ranged between 0
and 2 AU/1000 nuclei, indicating the specificity of
the BPDE-DNA antiserum for PAH-DNA adducts.

In the Tables, ACIS values for the esophageal
epithelium basal layer (Table 1) and superficial squa-
mous layer (Table 2) for each of the five study subjects
are shown separately. PAH-DNA values in the basal
layer were∼4- to 40-fold higher than PAH-DNA val-
ues in the superficial squamous layer for the same tis-
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Fig. 1. Immunohistochemical staining for human esophageal epithelium (sample 151A) obtained in Linxian in 1985. Photomicrographs
at 250× magnification (A–C) and 500× magnification (D–F); A and D are stained with normal rabbit serum; B and E are stained with
immunogen-absorbed anti-BPDE-DNA containing no specific BPDE-DNA antiserum; C and F are stained with anti-BPDE-DNA. For nuclei
in A, B, D and E blue color represents hematoxylin staining; in C and F nuclear pink color represents PAH-DNA adduct staining with
fast red.
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Table 2
PAH-DNA staining in the superficial squamous layer of human esophagus from Linxian obtained in 1985

Sample
number

Number of
cells examined

BPDE-DNA seruma (AU/1000
nuclei mean± S.E.,n = 4)

Absorbed serumb (AU/1000
nuclei, mean± S.E.,n = 4)

151A 1931 20.14± 4.50 0.00± 0.00
249N 3625 1.32± 0.19 0.03± 0.03
349A 4551 0.51± 0.02 0.00± 0.00
436A 3272 3.21± 0.49 0.06± 0.03
52A 6307 1.11± 0.13 0.08± 0.03

a Differences between basal cell and superficial squamous cell PAH-DNA AU values,P < 0.0001, using a random effects model with
a likelihood-ratio test (chi-square= 36, d.f . = 1).

b BPDE-DNA antiserum absorbed with immunogen BPDE-DNA.

Fig. 2. Semiquantitative determination (ACIS) of PAH-DNA
adducts in esophageal epithelium from Linxian. Bars are means
for four tissue samples stained with either anti-BPDE-DNA
(�) or immunogen-absorbed anti-BPDE-DNA (�). Values for
anti-BPDE-DNA staining (AU/1000 cells±S.E., n = 4) are 54±6,
12±1, 3±0.4, 14±1 and 22±2 for samples 151A, 249N, 349A,
436A and 52A, respectively. Mean values for immunogen-absorbed
anti-BPDE-DNA staining (AU/1000 cells,n = 4) are 0.1, 2.0, 0,
0 and 0.2 for samples 151A, 249N, 349A, 436A and 52A, respec-
tively.

sue section.Tables 1 and 2also show that incubation
of parallel sections with BPDE-DNA antiserum ab-
sorbed with the immunogen BPDE-DNA reduces the
staining to essentially background levels, indicating
that the positive staining was specific for PAH-DNA
adducts.

4. Discussion

In human esophagus from Linxian, China, a high-
risk region for esophageal carcinoma, nuclear staining

for PAH-DNA adducts was detectable in freshly-cut
sections from paraffin-embedded endoscopic biopsy
blocks obtained in 1985. The nuclear staining was
strong, and quantitation by the ACIS imaging sys-
tem showed good reproducibility for the four tissue
sections stained simultaneously on a single slide. In
addition, nuclear staining was absent when parallel
sections were incubated with normal rabbit serum and
immunogen-absorbed BPDE-DNA antiserum, con-
firming the specificity of PAH-DNA adduct staining.

In the Linxian samples, higher PAH-DNA levels
were found in the basal layer of the esophageal mu-
cosa, compared to the superficial squamous layers.
This finding is consistent with the known biology of
this tissue, as cells in the basal layer are growing and
proliferating while cells in the squamous layer are un-
dergoing maturation and senescence[14]. Our obser-
vation that cells in the replicating basal layer had more
PAH-DNA adducts than those in the superficial quies-
cent squamous layer cannot be explained by the data
shown here, but are not likely to be due to differen-
tial rates of adduct degradation during storage of the
paraffin blocks. One could speculate that the difference
may be partially explained by cell proliferation; that
is, the open configuration of replicating DNA in the
basal layer would allow the DNA bases to be readily
accessible for electrophilic carcinogen adduction[15].
In addition, studies with confluent, quiescent normal
human fibroblasts have shown that DNA adducts of
benzo[a]pyrene continue to be removed by nucleotide
excision repair[16], suggesting that cells in the su-
perficial squamous layers may have the capacity to
remove PAH-DNA adducts during senescence. In the
esophageal squamous epithelium, similar to the skin,
tumors are likely to be clonal expansions of mutated
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basal cells within the most highly-proliferative com-
partment[13].

Previously van Gijssel et al.[7] validated the ACIS
for semi-quantitation of PAH-DNA adduct immuno-
histochemical staining. A standard curve was prepared
from paraffin-embedded sections of cultured human
keratinocytes exposed to increasing concentrations of
BPDE, and values for nuclear staining intensity cor-
related directly with BPDE exposure concentrations.
In addition, the BPDE-DNA chemiluminescence im-
munoassay[9] was used to assay DNA extracted
from similarly-exposed cultures, and the observed
BPDE-DNA adduct levels correlated both with BPDE
exposure concentration and AU values determined by
ACIS. Among other things, the cell culture studies
demonstrated that ACIS evaluation is linear over a
broad range of both BPDE and BPDE-DNA adduct
concentrations.

A central question in the epidemiology of human
cancers caused by chemicals is the association be-
tween DNA adduct formation and subsequent cancer
risk. A meta-analysis of several case-control stud-
ies has shown that current smokers with high levels
of bulky DNA adducts, determined by32P postla-
beling, were at increased risk of lung and bladder
cancers[17]. Among current smokers, the cases had
87% higher bulky DNA adducts, compared to the
controls, with statistically significant associations for
both the meta-analysis and five of seven individual
studies. A potentially more robust epidemiological
framework, the prospective nested case-control study
design, has rarely been used to examine the associa-
tion between DNA adducts and cancer risk, because
of the difficulty of obtaining appropriately archived
material. There are, however, successful studies of
this type for smoking and lung cancer, as well as for
aflatoxin exposure and liver cancer. Utilizing 15,700
blood samples collected for the Physicians’ Health
Study, Tang et al.[18] showed that among current
smokers (cases= 36, controls= 64), lung cancer
risk was significantly associated with bulky DNA
adducts determined by32P postlabeling for adducts
stratified as high versus low (odds ratio, OR= 2.98)
and for adduct values treated as a continuous vari-
able (OR = 4.65 for 2 logs unit increase). Simi-
larly, a study of excreted aflatoxin-B1-N7-guanine
and risk of hepatocellular carcinoma by Qian et al.
[19] using urine samples archived from 18,244 men

in Shanghai, China[19,20] individuals excreting
aflatoxin-B1-N7-guanine in the urine had a 9.1-fold
increased risk for liver cancer compared to unexposed
individuals. In the above studies, target organ tissues
were not available prior to cancer diagnosis, and the
use of surrogate tissues was mandatory. In this pi-
lot study, the feasibility of determining PAH-DNA
adducts in endoscopically obtained esophageal biop-
sies taken about 20 years ago has been demon-
strated, suggesting the possibility that similar archived
samples could be used to prospectively correlate
PAH-DNA adduct formation with risk of subsequent
esophageal cancer development. In addition, the study
showed that, among exposed individuals, PAH-DNA
adducts appear to be concentrated in the basal layers
of the superficial squamous mucosa. The prognos-
tic significance of this localization warrants further
exploration.

Acknowledgements

We greatly appreciate the editorial assistance of Ms.
Bettie Sugar.

References

[1] C.-S. Yang, Research on esophageal cancer in China: a review,
Cancer Res. 40 (1980) 2633–2644.

[2] J.Y. Li, Epidemiology of esophageal cancer in China, Natl.
Cancer Inst. Monogr. 62 (1982) 113–120.

[3] M.H. Li, P. Li, P.J. Li, Recent progress in research on
esophageal cancer in China, Adv. Cancer Res. 33 (1980)
173–249.

[4] S.M. Dawsey, Q. Shen, R.K. Nieberg, S.F. Liu, S.A. English,
J. Cao, B. Zhou, G.-Q. Wang, K.J. Lewin, F.S. Liu, M.J.
Roth, P.R. Taylor, Studies of esophageal balloon cytology in
Linxian, China, Cancer Epidemiol. Biomarkers Prev. 6 (1997)
121–130.

[5] M.J. Roth, K.L. Strickland, G.-Q. Wang, N. Rothman,
A. Greenberg, S.M. Dawsey, High levels of carcinogenic
polycyclic aromatic hydrocarbons present within food from
Linxian, China may contribute to that region’s high incidence
of oesophageal cancer, Eur. J. Cancer 34 (1998) 757–758.

[6] M.J. Roth, Y.-L. Qiao, N. Rothman, J.A. Tangrea, S.M.
Dawsey, G.-Q. Wang, S.-H. Cho, D. Kang, P.R. Taylor,
P.T. Strickland, High urine I-hydroxypyrene glucuronide
concentrations in Linxian, China, an area of high risk for
squamous oesophageal cancer, Biomarkers 6 (2001) 381–386.

[7] H.E. van Gijssel, R.L. Divi, O.A. Olivero, M.J. Roth, G.-
Q. Wang, S.M. Dawsey, P.S. Albert, Y.-L. Qiao, P.R. Taylor,



62 H.E. van Gijssel et al. / Mutation Research 547 (2004) 55–62

Z.-W. Dong, J.A. Schrager, D.E. Kleiner, M.C. Poirier,
Semi-quantitation of polycyclic aromatic hydrocarbon-DNA
adducts in human esophagus by immunohistochemistry and
the automated cellular imaging system, Cancer Epidemiol.
Biomarkers Prev. 11 (2002) 1622–1629.

[8] M.C. Poirier, R. Santella, I.B. Weinstein, D. Grunberger,
S.H. Yuspa, Quantitation of benzo(a)pyrene-deoxyguanosine
adducts by radioimmunoassay, Cancer Res. 40 (1980) 412–
416.

[9] R.L. Divi, F.A. Beland, P.P. Fu, L.S. Von Tungeln, B. Schoket,
J. Camara, N. Rothman, R. Sinha, M.C. Poirier, Highly-
sensitive chemiluminescence immunoassay for benzo[a]
pyrene-DNA adducts: validation by comparison with other
methods, and use in human biomonitoring, Carcinogenesis
12 (2002) 2043–2049.

[10] A. Weston, D.K. Manchester, M.C. Poirier, J.S. Choi, G.E.
Trivers, D.L. Mann, C.C. Harris, Derivative fluorescence
spectral analysis of polycyclic aromatic hydrocarbon-DNA
adducts in human placenta, Chem. Res. Toxicol. 2 (1989)
104–108.

[11] P.A. Hall, D.A. Levison, A.L. Woods, C.C. Yu, D.B.
Kellock, J.A. Watkins, D.M. Barnes, C.E. Gillett, R.
Camplejohn, R. Dover, Proliferating cell nuclear antigen
(PCNA) immunolocalization in paraffin sections: an index of
cell proliferation with evidence of deregulated expression in
some neoplasms, J. Pathol. 162 (1990) 285–294.

[12] S.R. Searle, G. Cassella, C.E. McCulloch, Variance Compo-
nents, Wiley, Liss Inc., New York, 1992.

[13] S.H. Yuspa, The pathogenesis of squamous cell cancer:
lessons learned from studies of skin carcinogenesis, J.
Dermatol. Sci. 17 (1998) 1–7.

[14] R.J. Morris, Keratinocyte stem cells: targets for cutaneous
carcinogens, J. Clin. Invest. 106 (2000) 3–8.

[15] E.C. Miller, J.A. Miller, Searches for ultimate chemical
carcinogens and their reactions with cellular macromolecules,
Cancer 47 (1981) 2327–2345.

[16] J.J. McCormick, V.M. Maher, Cytotoxic and mutagenic
effects of specific carcinogen-DNA adducts in diploid human
fibroblasts, Environ. Health Perspect. 62 (1985) 145–155.

[17] F. Veglia, G. Matullo, P. Vineis, Bulky DNA adducts and risk
of cancer: a meta-analysis, Cancer Epidemiol. Biomarkers
Prev. 12 (2003) 157–160.

[18] D. Tang, D.H. Phillips, M. Stampfer, L.A. Mooney, Y. Hsu,
S. Cho, W.Y. Tsai, J. Ma, K.J. Cole, M.N. She, F.P. Perera,
Association between carcinogen-DNA adducts in white blood
cells and lung cancer risk in the physicians health study,
Cancer Res. 61 (2001) 6708–6712.

[19] G.S. Qian, M.C. Yu, R. Ross, J.M. Yuan, Y.T. Gao, B.
Henderson, G.N. Wogan, J.D. Groopman, Urinary markers of
aflatoxin exposure and liver cancer risk in Shanghai, People’s
Republic of China, Cancer Epidemiol. Biom. Prev. 3 (1994)
3–10.

[20] R.K. Ross, J.M. Yuan, M.C. Yu, G.N. Wogan, G.S. Qian,
J.T. Tu, J.D. Groopman, Y.T. Gao, B.E. Henderson, Urinary
aflatoxin biomarkers and risk of hepatocellular carcinoma,
Lancet 339 (1992) 943–946.


	Polycyclic aromatic hydrocarbon-DNA adducts determined by semiquantitative immunohistochemistry in human esophageal biopsies taken in 1985
	Introduction
	Materials and methods
	Chemicals, reagents and antisera
	Patients, tissue samples and primate controls
	Immunohistochemistry
	Semi-quantitation of nuclear staining intensity by automated cellular imaging system (ACIS)
	Statistical methods

	Results
	PAH-DNA adduct staining in human endoscopic esophageal samples from Linxian
	PAH-DNA semi-quantitation by ACIS

	Discussion
	Acknowledgements
	References


